Abstract: Given both the ubiquity and ecological roles described for ants in British Columbia, an understanding of the habitat elements critical to predicting their presence is desirable. We used logistic regression to model the presence and absence of ants in sub-boreal lodgepole pine (Pinus contorta var. latifolia Engelm. ex S. Watson) forests of west-central British Columbia (BC). Methodological emphasis was placed on the association between ants and coarse woody debris (CWD) because of a high degree of utilization of this resource for nesting. Five species of ants, Camponotus herculeanus (L.), Formica aserva Forel, F. neorufibarbis Emery, Leptothorax muscorum (Nylander), and Myrmica alaskensis Wheeler, comprised approximately 90% of all captures in samples of CWD within five seral ages (2-3, 8-10, 13-15, 23-25 years post-harvest, and non-harvested stands). Seral age, presence of other ant colonies of the same species, decay class of CWD, its surface area, and whether the wood was downed woody debris (DWD) or a stump, were significant variables affecting ant presence or absence. These results are explained in the context of ant species autecology as it relates to living in cool climates.
Introduction
Predicting the presence or absence of species within their geographic range has been of interest to biologists for many years [1, 2] . In particular, presence-absence models are important to conservation biologists attempting to define critical habitat elements necessary for species protection [3, 4] and increasingly, to identify habitats that may be open to the introduction of invasive species [5, 6] . Such models are also of use to ecologists attempting to define the ecological niche of poorly understood species or species assemblages.
Despite the ubiquity of ants in Canadian forests, and their linkage to many ecosystem processes [7] [8] [9] , there has been no attempt to define habitat requirements through presence-absence modelling. Ecological work on the boreal ant fauna in Fennoscandia has been more extensive, but has been largely focused on ecological factors shaping community structure. For example, changes in ant community structure with seral advancement have been described [10] [11] [12] , as well as adaptations to enhance ant survival in cool coniferous forests [13, 14] . The effects of intra-taxon competition on community structure have also been investigated [15, 16] . Unfortunately, no direct consideration has been given to what elements in the habitat are required for the ant community itself.
Defining the critical habitat elements required by ants in Canadian forests is crucial because of the many documented roles that ants play in other ecosystems. In addition to natural landscape pest control [17] [18] [19] , ants play an important role in soil-nutrient turnover [20] , seed dispersal [7, 21] , grain consumption [22] , and decomposition of organic material [23] . Ants are also an important food source for birds [24, 25] and large omnivorous vertebrates such as black bears (Ursus americanus (Pallas)) [26] and grizzly bears (Ursus arctos L.) [27, 28] .
A dependence of ants upon coarse woody debris (CWD) was demonstrated by one study that identified 12 of 19 species near Prince George, in central British Columbia (BC), using woody debris as a nesting medium [29] . In a study conducted in the boreal forests of Quebec, nests of two species of ants (Camponotus herculeanus (L.) and Leptothorax canadensis Francoeur) that are also native to BC were exclusively found within CWD while nests of seven of 11 other ant species were associated with CWD at varying frequency [30] . This apparent high rate of use makes CWD a prime candidate for closer examination in the context of its associations with ants. The purpose of this study, therefore, was to identify the critical habitat elements, with emphasis upon CWD, here separated into stumps and downed woody debris (DWD), that affect ant presence-absence across five seral ages in sub-boreal lodgepole pine (Pinus contorta var. latifolia Engelm. ex S. Watson) forests of the west-central interior of BC. Through this we hope to be able to determine if a particular characteristic associated with CWD is of significant utility to the ant fauna. This may assist forest managers in setting post-harvest CWD targets for biodiversity retention.
Materials and Methods
We used records from Houston Forest Products (HFP) (Houston, BC) to identify non-harvested and post-harvested sites (seral ages: 2-3, 8-10, 13-15, 23-25 years) in lodgepole pine-leading stands within the sub-boreal spruce biogeoclimatic zone and moist-cold subzone, variant 2 (SBSmc2) [31] . All post-harvest sites had been replanted by HFP with lodgepole pine because of the commercial potential of this species in the area. We identified a minimum of three replicate sites from each seral age within a 100-km radius of Houston, BC (54 • 24 N, 126 • 40' W). For non-harvested sites and 8-10 years post-harvest sites, four replicate sites were established. Replicate sites varied in distance from 5-100 km from each other. We then positioned a 1-ha sampling plot within each site so that contact with natural or artificial boundaries (e.g., streams, roads, slopes) was minimized. The plots were reference-flagged as a Cartesian x, y grid with 25-m spacing. Sampling locations were determined using random x, y numbers and then paced off from the nearest flagged reference point.
This Sampling consisted of hand-sampling of strip plots for CWD. Coarse woody debris was comprised of both DWD and stumps. Downed woody debris was defined as pieces of downed wood of any length with a large end diameter ≥10 cm. The threshold for inclusion of a stump was a cut end diameter of 10 cm. As harvested blocks were clear-cut, few snags persisted overall and none were located within replicate study areas. Thus, all stumps were cut during harvesting rather than existing as naturally broken snags. Some stumps had been dislodged by heavy equipment and were resting elevated on their root mass, but these were uncommon. Some DWD were elevated by other pieces of woody debris, but these were not recorded. Almost all woody debris was created by harvesting. Downed woody debris and stumps were sampled within two 4 × 100-m strip transects within each 1-ha sampling plot. Each strip consisted of two 4 × 50-m sub-strips positioned at right angles to each other and sharing a 10-m offset center to avoid overlaps between strips. The center point was randomly positioned within the 1-ha plot, but the 4 × 50-m strips were allowed to extend beyond the boundaries of the plot.
Within each sampling strip, we opened CWD by hand and/or hatchet to locate and sample ant colonies. Ants were placed in 1.5-mL plastic snap-cap vials containing 95% ethanol for later identification in the laboratory. If possible, we collected at least five individuals from each colony. Data within each strip were recorded by 4 × 12.5-m subsections (50 m 2 ), which were used as sampling units for the purpose of analysis. We assessed all pieces of DWD within the strip, regardless of ant presence or absence, for large-end diameter, large-end diameter at strip boundary, small-end diameter at strip boundary, length in strip, total length, percentage bark, and the decay class of the sapwood and heartwood [32] . Equivalent measurements were also made on stumps when the center point of the stump was located within the sampling strip.
We used logistic regression to relate ant presence or absence to site variables. After assessing potential independent variables for correlations, we used backwards stepwise logistic regression (logit; STATA 9.2 2007) to identify the best models-no earlier studies existed to allow for a priori selection of potential model variables. Initial categorical variables included: nesting location (downed woody debris or stumps); seral age class (1) (2) (3) (4) (5) , and decay class (1) (2) (3) (4) (5) . Categorical variables were input using deviation coding. Candidate continuous variables included: large-end diameter; length (height for stumps); piece surface area; surface area of all woody debris within 50-m 2 sample; percentage bark; number of colonies of the same species of ant within same piece of wood; number of colonies of same species of ant within 50-m 2 sample; number of colonies of other species of ant within the same piece of wood; number of colonies of other species of ant within the 50-m 2 sample. Where correlations exceeded 0.5 only one parameter was chosen for inclusion in the initial model. In addition, we dropped specific categorical classes if that class contained less than four data points to avoid near-complete separation (Table 1 ; [33] ). Only parameters with p < 0.05 were maintained in final models. A post-hoc analysis for co-linearity was performed on the final model parameters to ensure no tolerance values were <0.2. We assessed the accuracy of each final model by its Receiver Operating Characteristic (ROC) area under the curve (AUC) score following Swets [34] , given that the sampling methodology would be expected to have a high accuracy in measuring presence/absence.
We followed ant species nomenclature as revised by Bolton et al. [35] except where more recent revisions have been made. We identified ants to species using the keys of Wheeler and Wheeler [36, 37] Francoeur [38] , Naumann et al. [39] , and Hansen and Klotz [40] . Ants of the genus Myrmica were identified using an unpublished key provided by A. Francoeur (Centre de données sur la biodiversité du Québec, Chicoutimi, Québec, Canada).
Results
Fourteen species of ants were identified from the CWD sampling in this study, while no species were incidentally observed to be nesting directly in the soil within study plots [41] . Of these, five species (Camponotus herculeanus, Formica aserva Forel, F. neorufibarbis Emery, Leptothorax muscorum (Nylander), and Myrmica alaskensis Wheeler) represented >90% of all identifications. As a consequence, these species will be the focus of the results and discussion reported here.
The models developed for each of the five most common species as well as for all five species collectively fit the data well (ROC AUC score between 0.75 and 0.9 (Table 1) , except for the F. neorufibarbis model, which had a ROC score of 0.72 [34] ). Several patterns across species were evident from the logistic regression models. The first was the strong response to seral age. Ant colonies (all species pooled) were more common in seral ages 8-10, 13-15, and 23-25 years post-harvest, with the greatest abundance in 13-15 years post-harvest plots (β = 1.63, p < 0.001). Colonies were least abundant in both 2-3 years post-harvest plots (β = −1.48, p < 0.001) and non-harvested plots (β = −1.93, p < 0.001). Only 16 colonies of ants representing two species were identified in non-harvested plots ( Table 2) . The extent to which each species increased or decreased in colony numbers varied with each seral change although most, F. neorufibarbis excepted, followed the pattern noted above. Table 1 . Parameter coefficients (β with standard error in parentheses; odd ratios in square brackets) obtained from backwards stepwise logistic regression for five species of ants and all ants collectively. Where fewer than four data points were available for a species in a given seral age, those data were excluded from the logistic model (Table 1) to avoid model errors associated with near-complete separation. Percentage present in brackets.
Model
Three species (C. herculeanus, L. muscorum, F. aserva) responded positively to pieces of wood with a larger surface area (Table 1 ). There was a 120% increase in the odds of finding C. herculeanus in pieces of wood with each increase in surface area of 1 m 2 (p < 0.001) and a 108% increase for F. aserva (p = 0.008). Finally, two species (F. aserva, M. alaskensis) were both more likely to be found in stumps than in downed woody debris and found in wood of decay class 3 or 4 as compared to decay class 2 (Table 3) , despite the abundance of wood in decay class 2 ( Figure 1 ). Only one parameter that was included in the initial full models failed to show significance (p ≤ 0.05) for any species. This was the number of colonies of the same species within the same piece of wood.
The relationship between the presence of other colonies of the same species within the 50-m 2 sample in which the colony was identified (Table 1 ) was significant. The odds of finding a member of a particular species always increased if other members of that species were present within the sample. This varied from a response for L. muscorum of 19% (i.e., an odds ratio of 1.19) increase (p < 0.001) in the odds of finding this species for each colony already located, to over 300% for F. aserva (p < 0.001). This pattern, however, was reversed for two species (C. herculeanus and F. aserva) when considering the presence of other species within the 50-m 2 sampling unit (Table 1) . There was a 5% reduction in the odds of finding C. herculeanus for each colony of another species identified, but a stronger 59% reduction for F. aserva. When the spatial scale was reduced to the same piece of wood, three species, F. aserva, L. muscorum, and M. alaskensis, showed a decrease in the odds of their presence with each identification of another species. For example, there were 34% lower odds (p = 0.002) of finding a colony of M. alaskensis in a piece of wood for each colony of another species also located in that wood. were available for a species in a given decay class, those data were excluded from the logistic model (Table 1) to avoid model errors associated with near-complete separation. Percent present in brackets. 
Discussion
The major objective of this study was to determine what environmental attributes, with an emphasis on woody debris, were significant in determining ant presence or absence. Coarse Woody Debris (CWD) appears to be a vital resource for ants in the sub-boreal forests of BC, as almost all ants in this study appear to depend upon it as a nesting resource. Although the focus of this study was ants nesting directly within CWD, no ants were incidentally observed nesting directly within the soil within sample strip-plots. Pitfall trapping and mini-Winkler litter extractions performed in a study related to the one reported here and in the same location, turned up only a single species (Myrmica fracticornis Forel) that was not found nesting in CWD [41] . It is possible though that this species was using CWD below our minimum size criterion (10 cm). Furthermore, at the peak of ant colony abundance (seral age 13-15 years), it was observed that the majority of pieces of CWD were hosting ants ( Table 2 ). 
The major objective of this study was to determine what environmental attributes, with an emphasis on woody debris, were significant in determining ant presence or absence. Coarse Woody Debris (CWD) appears to be a vital resource for ants in the sub-boreal forests of BC, as almost all ants in this study appear to depend upon it as a nesting resource. Although the focus of this study was ants nesting directly within CWD, no ants were incidentally observed nesting directly within the soil within sample strip-plots. Pitfall trapping and mini-Winkler litter extractions performed in a study related to the one reported here and in the same location, turned up only a single species (Myrmica fracticornis Forel) that was not found nesting in CWD [41] . It is possible though that this species was using CWD below our minimum size criterion (10 cm). Furthermore, at the peak of ant colony abundance (seral age 13-15 years), it was observed that the majority of pieces of CWD were hosting ants (Table 2) .
Accurate modelling of presence-absence has traditionally been considered difficult because of uncertainty in the veracity of absence data [2, 42] , especially when modelling highly mobile vertebrate distributions. The solution has traditionally been to resample habitat to develop probabilities of absence [3] . In the case of social insects such as ants, however, the ability to locate and accurately identify largely stationary colonies [43] , especially when they are nesting in a readily identifiable substrate such as CWD, should reduce the risk associated with single sampling methodologies and make dichotomous modeling techniques such as logistic regression appropriate.
A strong feature emerging from the regressions (Table 1 ) was the effect of seral age on three (C. herculeanus, M. alaskensis, and L. muscorum) of the five common species in this study. Formica neorufibarbis and F. aserva will be discussed later, as they are the exceptions here, possibly because of their interdependence. We consider seral age as a proxy for temperature (see [41] ) through the decreased insolation associated with a developing forest canopy, and consider it one of the most important variables affecting the presence or absence of ants in these forests. Ant communities, overall, build through the first three seral ages (Table 2) where mean litter temperatures between June and August were reported as ranging from approximately 12-14 • C [41] . As seral age progressed beyond this, the ant community began to decline. Non-harvested sites, where mean daily temperatures between June and August were below 10 • C [41] , hosted virtually no ant colonies, suggesting that temperature appears to be the most powerful force shaping overall ant presence or absence.
Models were limited on occasion by complete or near complete separation of data. The complete or near absence of ants in specific seral ages (Table 2 ) confounds logistic analysis, requiring that some seral ages be dropped for some species [33] . For example, F. aserva was completely absent in 2-3 years post-harvest sites, increasingly common until reaching 13-15 years post-harvest sites, and then reduced to only one record in 23-25 years post-harvest sites (Table 2) . Despite the rise and sudden decline with seral age, these comparisons had to be dropped from the models, making it appear that seral age was not an important variable for this species. Subjectively, however, when considering all evidence, one can deduce that 2-3 years post-harvest plots are devoid of this species due to insufficient time for colony founding, whereas approaching 23-35 years, canopy closure has led to insufficient temperatures to sustain colonies of this highly thermophilic species [44] . Hence, in cool sub-boreal forests, F. aserva was restricted to older severely disturbed areas, occurring only after canopy removal.
An additional limitation that should be noted was the fact that this was a multiyear study where different seral ages were examined in different years. Given the size of the study it was not possible to carry out all surveys in a single year. However, we did not experience any notable fluctuations in climatic conditions through the study (i.e., unusually high or low precipitation, unusually high or low temperatures) or experience natural disturbances.
The physical characteristics of wood used for nesting (i.e., size, decay class, and use of downed wood debris or stumps) were not strongly selected for across all five species (Table 1) . Further, wood use by F. aserva (that initiates nests through the parasitism of ants in the Formica fusca species group) may be an artifact of an initial choice by its host species, F. neorufibarbis, complicating interpretation. In general, however, where a significant selection of a given physical characteristic was evident in more than one of the species in our study, the direction of selection was consistent across other species also showing selection. For example, three species (C. herculeanus, F. aserva, and L. muscorum) as well as all species pooled, significantly selected for wood of greater surface area, but none preferred smaller pieces (Table 1) . Larger pieces of wood would be ideal for larger species of ants with large colonies (e.g., C. herculeanus and F. aserva) and might offer greater temperature stability to smaller species (e.g., L. muscorum).
Decay class classification ranged from 1 to 5 [32] . Wood in decay class 1 was considered as recently fallen with fine twigs, while decay class 5 was highly rotten wood with no structural integrity and usually moss covered. Two species (M. alaskensis and F. aserva) and all species pooled, preferred the older decay classes (i.e., decay classes 3 or 4), but none preferred younger (i.e., decay classes 1 or 2) ( Table 1 ). Older decay classes should be easier to excavate for nesting. Some autecological factors may explain why some species of ants did not show a significant selection for decay class. For example, C. herculeanus is a strong excavator and may not be dependent upon softer wood for nesting. In addition, harder wood may be beneficial for this species in terms of predation avoidance by vertebrates [45] . The lack of preference demonstrated by L. muscorum might be explained by the minute size of these ants, where workers are thin and typically only 2.5-3.5 mm in total length. These ants are likely able to exploit tiny cavities beneath the bark or cracks in harder wood that are unavailable to other species. Leptothorax spp. are known to be pioneer species in boreal forests [11] and may be adapted to exploiting the early decay classes available following natural disturbances.
Finally, with respect to physical characteristics, some species (F. aserva and M. alaskensis) and all species pooled, selected stumps as compared to DWD. It has been found that stumps have a higher mean temperature in these forests as compared to DWD of an equivalent volume [44] . This may arise from the soil limiting nightly heat loss in the stump to the more stable temperature of soil through extensive contact with the roots. This was evidenced by stump temperatures not dipping below soil temperatures at night [44] . Downed woody debris, lacking this intimate contact, would not have a heat source to draw upon at night. As stumps are a fairly recent resource in these forests, it seems unlikely that ants could have an evolved preference, however, it is possible that the warmer temperatures may increase the success rate of colonies that accidentally chose this resource.
A feature shared across all species was the increase in the odds of finding a given species of ant if a colony of that same species has already been located within its 50-m 2 sampling unit (i.e., there is clustering) ( Table 1) . One possible explanation for this is that four of the five common species of ants in this study are known to be polygynous (i.e., colonies contain multiple queens). Polygyny has been documented in F. aserva [46] , F. neorufibarbis [47] [48] [49] , and is considered a general characteristic of Myrmica spp. [50] , and Leptothorax spp. ants [51, 52] . Species displaying this characteristic often, but not exclusively, reproduce through colony budding. Budding is a type of dependent nest founding [53] , in which one or more newly mated queens, with workers, disperse by walking from their natal nest to a new nesting site [11, 51] .
Polygyny may arise when the dispersal of solitary queens is associated with a high mortality risk, as is reported for cool climates [54] . Solitary ants of Leptothorax spp. were shown to have a lower survival rate through the winter than those clustered in groups of 50 [52] . A selective pressure toward polygyny may be evident in an undescribed species of Leptothorax in eastern Canada (Leptothorax sp. A) [51] . It was observed that this species has many virgin queens that are wingless, making colony foundation through budding obligatory. Polygyny and subsequent budding would reduce the risk of colony extinction and allow the species employing this strategy to begin to spread within isolated suitable patches. It is important to note, however, that although budding is a dispersal option for many species of polygynous ants, it is unlikely to be exclusive, and dispersal by flight is also utilized [55] .
Finding additional colonies of C. herculeanus was also improved when other colonies were located (Table 1) , despite the fact that this species is monogynous [56] , except in rare circumstances [57] . It is common, however, for this species to establish satellite colonies in which larvae and pupae may be raised, making it difficult to distinguish natal from satellite nests and giving the appearance of multiple colonies [40] . This form of polydomy may yield similar benefits to polygyny.
Although polygynous and polydomous colony expansions may be a common mode of colony spread in boreal forests, queen flights into new habitat are also common [14, 46, 51] and the regression models may provide some information about habitat selection. Habitat selection during such flights has been little studied because of the difficulties in exactly anticipating the timing of mating flights and following queens as they disperse. In one rare study conducted in the eastern United States, it was determined that queens of the species Lasius neoniger Emery and Solenopsis molesta (Say) were usually capable of avoiding unsuitable habitat at the landscape element level (i.e., forest vs. meadow in that study) during their mating flights [58] . Of the thousands of mated L. neoniger queens observed in their study, only three were later found in the forest, leading to the hypothesis that a form of coarse-and fine-filter was used during the nuptial flight. It was suggested that queens landed randomly within a suitable landscape element (e.g., meadow), but once on the ground queens had to locate the best nesting site within a few meters or increase the risk of predation if they travelled any greater distance.
At the coarse scale of landscape elements, solitary queens were never located in non-harvested stands, but were frequently recorded in early seral ages (e.g., no Camponotus queens were located in strip sampling in non-harvested sites, but 18 were located in the 2-3 years post-harvest sites). This has also been noted in other studies [10, 12, 59] . Rare colonies of L. muscorum and M. alaskensis were located in non-harvested stands, but only where there were either small openings in the canopy or more open forest structure, indicating that some queens must disperse within this landscape element and possibly select such openings at an intermediate scale. At the intermediate 50-m 2 scale in post-harvest sites, odds ratios derived from wood surface area (Table 1) did not show strong selection, indicating that it either may not be an important factor or is simply the wrong scale for selection.
It was notable that one parameter that only weakly expressed overall was the effect of the presence of different species within the 50-m 2 sampling unit (Table 1) . Camponotus herculeanus showed slight reduction (5% odds ratio) in the probability of cohabiting with other species at the 50-m 2 sampling scale and only F. aserva indicated a strong negative response (59% odd ratio). It would be expected that there would be reduced odds of locating most ant species within the same 50-m 2 sampling unit of other species, if competitive exclusion was structuring the community, as has been documented in other ant communities [60] [61] [62] . This finding, in our study, would suggest that allospecific competition was not a significant factor, at least not at this scale. We suggest that this might arise from the transient environmental conditions typical in these forests. In the forest environments of our study, ants have only a few years before environmental conditions deteriorate (i.e., after 13-15 years post-harvest) and may not be able to saturate the environment to an adequate extent to begin to show competition. It should be noted, however, that exclusion was evident for three species (F. aserva, M. alaskensis, and L. muscorum) at the level of the wood itself. In all three cases, there were reduced odds of finding each species if other species were present. Thus, some competition is evident at the nesting scale. It is likely that most colonies establish in uncolonized wood and then repel allospecific arrivals.
Conclusions
Coarse woody debris is clearly a vital resource for the ant community in the sub-boreal forests of west-central BC. Although ants appear to be able to utilize a broad range of woody debris sizes and decay classes, it was clear that large pieces are preferred by many species, especially those forming larger colonies (e.g., C. herculeanus and F. aserva). Thus, the retention of larger pieces of woody debris should be a management objective, as ants are ecologically important from a number of perspectives (e.g., as food for bears [26] [27] [28] and birds [24] ). Although the CWD volumes encountered in our study appear adequate for use by the ant fauna, concerns may arise from any significant reduction in post-harvest CWD volumes. Sweden, with much lower post-harvest volumes as compared to BC, has already identified over 500 woody debris dependent invertebrates that are at risk of extirpation [62] . Desire to reduce post-harvest CWD volumes, and to increase wood fiber availability to emerging bio-energy corporations, should be considered with extreme caution if we want to protect the organisms dependent upon this resource and the ecological processes to which they are fundamental. Finally, it has been shown that the presence of ants in woody debris inhibits the rate of decay [63] . Given the high utilization of woody debris by ants in these forests, there might be a role for ants in promoting carbon storage.
